Introduction 46
Geotrichum candidum is a filamentous yeast-like fungus. It is a ubiquitous organism 47 found in a range of habitats including air, water, silage and soil (Butler and Eckert, 1962; 48 O'Brien et al., 2005) and also in foodstuffs such as milk, cheese and fermented milk products 49 (Boutrou and Guégen, 2005; Marcellino et al., 2001; Mistry, 2004; Pottier et al., 2008; Ruas-50 Madiedo et al., 2006; Wouters et al., 2002) . As a component of the normal microbiota of the 51
human digestive tract, it has been reported, albeit infrequently, as a cause of infection in 52 immuno-compromised patients (Farina et al., 1999; Vasei and Imanieh, 1999; Verghese and 53 Ravichandran, 2003; Andre et al., 2004; Sfakianakis et al., 2007; Henrich et al., 2009) . 54
As a plant pathogen, G. candidum causes sour-rot of citrus fruit, tomatoes, carrot, and 55 other fruits and vegetables (Pitt and Hocking, 2009) . Most susceptible to infection are ripe or 56 overripe fruits and vegetables, particularly those kept in moisture-holding packaging (Skavia et 57 al., 2004) and wounded tissue (Moline, 1984) . Decay spreads rapidly, resulting in a sour-58 smelling watery mass. While the fungus prefers high temperatures and humidity, it is active at 59 temperatures as low as 2 o C. Consequently, the fungus is an important post-harvest storage 60 pathogen (Moline, 1984; Oladiran and Iwu, 1992; Skavia, 2004; Tournas, 2005) . In addition, G. 61 candidum is the predominant contaminant on tomato processing equipment and is referred to as 62 "machinery mould" (Splittstoesser et al., 2006) . As a consequence, the fungus is used by 63 regulatory inspectors as a microbiological criterion to assess sanitation of equipment in fruit and 64 vegetable processing plants and in bottling works (Xu and Hang, 1988) . 65
While microscope and culture-based mould counts and a lectin-mediated chitin-binding 66 assay can be used to assess the total fungal burden in raw tomato juice (Potts et al., 2000 (Potts et al., , 2001 67 AOAC, 2010) , these tests are not sufficiently specific to discriminate between different 68 contaminating organisms. As an alternative to mould counts, an enzyme immunoassay using 69 polyclonal antiserum was developed to quantify mould content of tomato paste, but the 70 antibodies cross-reacted with all of the major tomato spoilage organisms (Robertson and Patel, 71 1989) . Because of this, there is a pressing need for the development of a test that allows the 72 specific detection of G. candidum during the production, harvesting, post-harvest handling and 73 processing of tomatoes. 74
Hybridoma technology allows the production of monoclonal antibodies (MAbs) that are 75 specific to individual genera, species or even isolates of fungi (Thornton et al., 2002; Thornton, 76 2008; Thornton, 2009) . The aim of this paper is to describe the development of a MAb specific 77 to G. candidum and its use to develop a highly specific and sensitive diagnostic assay (ELISA) 78
for detection of the fungus in tomato fruit and juice. 
Materials and methods 92

Fungal culture 93
All fungi (Table 1) Hybridoma cells were produced by the method described elsewhere (Thornton, 2001) and 119 the supernatants were screened by enzyme-linked immunosorbent assay (ELISA) against 120 antigens immobilized to the wells of Maxisorp microtitre plates (Nunc; 442404)(50 µL per 121 well). For antibody specificity tests, fungi were grown on MYA slopes and surface washings 122 prepared as described elsewhere (Thornton, 2009 visualized by incubation in substrate solution (Thornton, 2008 (Thornton, , 2009 
Characterization of antigen by using periodate and proteases 262
The epitope bound by MAb FE10 was periodate-sensitive (Table 2) This shows that the antibody recognizes carbohydrate residues containing vicinal hydroxyl 265 groups. There was no significant effect of pronase or trypsin on MAb binding, showing that the 266 epitope does not contain protein moieties (Table 3) . 267 268
Localization of antigen by immunofluorescence microscopy 269
Immunofluorescence microscopy studies with MAb FE10, showed that the antigen is 270 present on the surface of ungerminated arthroconidia and on the hyphal surface of G. candidum 271 germlings (Fig. 1) . 272 273
Polyacrylamide gel electrophoresis, Western blotting, and ELISA of artificially infested 274 tomato juice 275
Based on Western blotting analysis of 1-d-old and 2-d-old extracts from inoculated tomato 276 juice, MAb FE10 binds to an extracellular antigen(s) with a molecular mass >200 kDa (Fig. 2) . 277
There was no reaction of MAb FE10 with extracts from control (uninoculated) tomato juice, 278
showing that the antibody is specific for the fungal antigen and does not exhibit false positive 279 reactivity with tomato antigens. 280 ELISA tests using extracts from tomato juice inoculated with the fungus showed strong 281 detection of the FE10 exo-polysaccharide antigen in cultures inoculated with 10, 100 and 1000 282 arthroconidia/mL juice, 24 h and 48 h post inoculation (Fig. 3) 
Immunoassay of tomato fruits 291
Eight tomatoes with visible evidence of fungal colonization (fruits 1 to 8) and four control 292 tomatoes with no visible colonization (fruits 9 to 12) were obtained from supermarkets and were 293 used to test the specificity of MAb FE10. Only two tomatoes (1 and 2) were colonized with 294
Geotrichum candidum, the isolates being present as co-contaminants with other fungi, and whose 295 identity was determined by ITS sequencing (Table 4 ). These two tomatoes were positive for the 296 FE10 antigen (absorbance values >1.000), compared to the remaining six tomatoes (3 to 8), which 297 were colonised by unrelated fungi and which gave absorbance values <0.100. ELISA tests of 298
antigens from axenic cultures of the fungi (Table 1) 
Discussion 320
The fungus Geotrichum candidum causes sour-rot of fruit and vegetables and is an 321 important post-harvest storage pathogen. The fungus is the predominant contaminant on tomato 322 processing equipment, but its presence is not restricted to the equipment within the processing 323 plant, being found on harvesting equipment, and in field to factory transport gondolas. In this 324 regard, a highly specific assay for G. candidum would be a useful management tool to help 325 tomato producers and processors to track the fungus and to distinguish it from other types of 326 fungal infections in order to determine the most appropriate course of action (equipment 327 sanitation versus tomato field fungicide applications). 328
This paper describes the generation of an immunoglobulin M (IgM) monoclonal antibody 329
(MAb) against an extracellular antigen from the sour-rot pathogen Geotrichum candidum and its 330 use in the development of a Geotrichum-specific immuno-diagnostic assay. The MAb displays a 331 high degree of specificity, reacting with G. candidum and the closely related teleomorphic species 332
Galactomyces geotrichum and anamorphic species Geotrichum europaeum and Geotrichum 333 pseudocandidum in the Galactomyces geotrichum/G. candidum complex (De Hoog and Smith, 334 2004; Pottier et al., 2008) . The MAb does not cross-react with a wide range of unrelated fungi, 335 some of which are likely to be encountered during tomato production and processing, or with the 336 tomato bacterial pathogens Xanthomonas campestris pv. vesicatoria and Pseudomonas syringae 337
pv. tomato (results not presented). 338
The MAb was used to develop a highly specific enzyme-linked immunosorbent assay 339 (ELISA) for detection of the fungus in tomato juice and fruit. Analytical sensitivity of the assay 340 was determined in tomato juice artificially infested with washed arthroconidia of the fungus, 341 which allowed the fungus to proliferate and produce extracellular antigen for detection by 342
Western blotting and ELISA. Western blotting tests of tomato juice extracts showed that the MAb 343 bound to an extracellular antigen with a molecular weight of >200 kDa. The smeared appearance 344 of the antigen in Western blots is characteristic of an exo-polysaccharide, and the carbohydrate 345 nature of the antigen was confirmed in ELISA tests, using periodate treated antigens, which 346
showed that the MAb binds to a carbohydrate epitope containing vicinal hydroxyl groups. The accuracy of the ELISA in detecting G. candidum was confirmed using antigen extracts 361 from tomato fruits purchased from supermarkets that were naturally infected with fungi, and 362 subsequent identification of recovered isolates using ITS sequencing. The ELISA detected G. 363 candidum only. No reaction was found with other contaminant fungi including species that are 364 known pathogens of tomatoes, including Alternaria alternata, Alternaria tenuissima, Aspergillus 365 niger, Botryotinia fuckelinia (Botrytis cinerea), and Penicillium species (Oladiran and Iwu, 1993; 366 Abdel-Mallek et al., 1995) . 367
While microscope and culture-based mould counts, a lectin-mediated chitin-binding assay 368 and polyclonal antibody immunoassay have been developed for the detection of fungi in 369 processed tomatoes, their lack of specificity means that they are unable to differentiate between 370 the major tomato spoilage organisms (Robertson and Patel, 1989; Potts et al., 2001 Potts et al., , 2002 371 AOAC, 2010) . We have used hybridoma technology to develop a highly specific monoclonal 372 antibody-based diagnostic assay that can be used to detect a single pathogen of tomato, 373
Geotrichum candidum, in fruit and juice, and to discriminate its presence from other spoilage 374 organisms. This is the first time, to our knowledge, that a Geotrichum-specific assay has been 375 doubling dilutions of extracts from 1-d-old shake cultures of tomato juice inoculated with 10 708 arthroconidia/ml (!), 100 arthroconidia/ml ("), or 1000 arthroconidia/ml (#) and from 2-d-old 709 cultures inoculated with 10 arthroconidia/ml (!), 100 arthroconidia/ml ("), or 1000 710 arthroconidia/ml (#). Controls consisted of doubling dilutions of extracts from flasks containing 711 uninoculated tomato juice only (!). Each point is the mean of the absorbance values from 712 replicate flasks ± standard error. Extract dilutions are shown as logarithms of the reciprocal 713 dilutions. Figures 1 to 3 
